In addition to the standard problems associated with contactless temperature measurements, pyrometry in shock physics experiments has many additional concerns. These include background temperatures which are often higher than the substrate temperature, non-uniform sample temperature due to hotspots and ejecta, fast sample motion up to several km.s -1 , fast-changing sample emissivity at shock breakout, and very short measurement times. We have designed a four channel, high speed near-infrared (NIR) pyrometer for measurements in the 400 to 1000K blackbody temperature range. The front end optics are specific to each experiment, utilizing preferably reflective optics in order to mitigate spectral dispersion. Next-generation instruments under development are also discussed.
INTRODUCTION
The accurate measurement of the temperature of shock-compressed materials is of great interest in the field of condensed-matter physics. Shock-physics experiments serve as a primary diagnostic in constraining the equations-of-state (EOS) of materials as well as in determining the state of ejecta and spallation from these surfaces. Shock techniques in the laboratory include the use of high-explosives, gas guns, and laser ablation. The shock temperatures of interest (400 K to 1500 K) correspond spectrally, when utilizing optical surface pyrometry, to near-infrared (NIR) wavelengths of approximately 1.5 thru 5.5 microns. We have developed a four-channel, high-speed, single-fiber instrument in this spectral range, using multilayered dichroic beamsplitters and bandpass filters to narrow the spectral range of each detector. The front-end optics is specific to each application. Invariably, however, the use of off-axis parabolic mirrors provides a long-throw optical relay system without the attendant chromatic aberrations over the large wavelength range covered. The current generation of liquid-nitrogen cooled NIR detectors is capable of high responsivity and high speed (~10 ns risetime) over the above wavelength range when coupled to appropriate, high-gain transimpedance amplifiers, all at a modest price. The use of four channels provides bounds on the true temperature corresponding to reasonable assumptions about emittance bounds, based on the literature values and experience. When used with VISAR velocity measurement techniques, the combination of free-surface and LiF-anviled pyrometry defines a release isentrope that can uniquely constrain the EOS parameters of materials under high shock compression.
PYROMETER DESIGN
The instrument consists of three parts: the front end optics, a single high numerical aperture 1mm typical diameter infrared fiber, and the detector unit. This modular setup permits maximum flexibility in applying pyrometry to a given experiment. Due to the presence electromagnetic noise as well as the destructive nature of shock physics experiments the detector unit, which is the most expensive part of the whole system, has to be placed in another room, an advantage of a modular system. The detector unit is placed in a 2' by 2' by 10" "Hoffmann-box" for electromagnetic shielding and consists of four liquid nitrogen cooled InSb-detectors with a circular active area of 1 mm in diameter. The optics necessary for spectrally splitting the signal among the four detectors is shown in figure 1 . 
Infrared Fibers
Up to now chalcogenide (C2) fibers provided by Amorphous Materials, Inc. [3] have been used. These fibers can be produced up to a diameter of 1 mm and have a very high refractive index (n=2.41 @ 4 µ m). This feature leads to a very high numerical aperture or acceptance angle for the collected light, necessary for low temperature sensitivity. Since the attendant reflection losses are high, these fibers are BBAR coated, reducing the reflection loss to about 4% for both ends total.
Due to the high absorption of the fiber (>1dB/m in the spectral range of our instrument) these fibers should not be longer than 3 meters, otherwise the sensitivity to low temperatures is decreased drastically. In applications requiring the detectors to be more distantly isolated from the experiment, fluoride fiber bundles with 200 µ m cores are being explored. Smaller core diameters are also generally more robust, permitting a tighter turning radius. While these fibers do have better transmission properties, bundle packing fractions are typically no better than 50%. A large spectral bandwidth for these fibers is also difficult to obtain.
Front End Optics
The front-end optics are typically varied to accommodate each unique application. Often additional diagnostics such as visible pyrometry or a velocity interferometer system for any reflector (VISAR) [4] are fielded with the same optical head. The two kinds of heads fielded use either refractive optics (Fig. 2) or reflective optics (Fig. 3) . Off-axis-parabolic (OAP) mirrors have the advantage of no chromatic aberration, thus the optics can be aligned by using a visible alignment laser and all four channels of the pyrometer see the same measurement spot. By using a dichroic beamsplitter (shown in figure 3 ) the IR part of the spectrum is reflected and focused onto the IR-fiber F1 by means of another OAP mirror. The transmitted light can either be focused onto the fiber of a visible pyrometer or used for determining the sample velocity by means of a VISAR. This type of front end optics has been successfully applied at a Bechtel/Nevada facility in Santa Barbara, CA to measure the surface temperature of direct HE-shocked tin [8] . As the receiving OAP mirror can be placed outside the experiment chamber, the fibers as well as the dichroic beamsplitters and the lens for the VISAR or visible pyrometer are not lost, providing a substantial saving over a comparable refractive optics setup.
PYROMETER CHARACTERISTICS
The spectral response of the four channels has been measured and is published in Ref. [2] . One important parameter is the pyrometer linearity, checked prior to each experiment by performing a multipoint black body calibration (temperature range 373 to 1073K in 50K steps) and comparing the normalized measured signals to the calculated signals. This check of linearity also reveals any detector or electronic problems. The linearity of all four channels is within 1 K. This means that that the deviation in temperature is smaller than 1K by applying a one-temperature calibration and re-calculating the temperature at the other calibration points, assuming perfect linearity.
The bandwith of the detectors, amplifiers and line-drivers is specified by the manufacturers to be equal or better than 20 MHz. The target spot size depends on the front-end optics and hence varies with each application. In a high precision measurement of the radiance temperatures of tin, zinc, silver and aluminum it was determined that over 99% of the light collected was within a diameter of 0.1 inches. In similar checks on the optics in Figure 3 it was found that over 99% of the collected light originated from within a 0.1" diameter spot. Since the fiber diameter is 1 mm and the optical magnification here is 2:1, the nominal spot size here is therefore 0.08" in diameter.
CALIBRATION AND TEMPERATURE DETERMINATION
The measured high linearity of this instrument permits a single-point calibration to determine radiance temperatures. Nonetheless, the calibration temperature should be chosen to match the temperature to be measured as closely as possible. Furthermore, in order to obtain the radiance temperatures as exactly as possible the concept of the mean effective wavelength [9] is applied. For more details on the calibration and the data analysis see Ref. [2] .
There are several ways of inferring the true temperature from the radiance temperatures at different wavelengths, by applying various algorithms to multiwavelength pyrometry [10, 11] . Unfortunately the results obtained from these methods depend on the assumptions made and there is no reliable way to determine the temperature uncertainty [12] . The instrument is therefore considered to be four independent single-wavelength pyrometers. An upper and lower bound for the emissivity is applied which leads to a lower and upper bound for the true temperature for each channel. With no background light present the four bounds overlap. This overlap region gives the boundaries for the true temperature, as demonstrated in Figure 4a . In the presence of background light the temperature regions of the four channels do not overlap, as shown in Figure 4b . As seen here for both silver (a) and molybdenum (b) the temperature range calculated by the upper and lower emissivity bound is up to a factor of three larger for the 5.0 µ m channel 4 than for the 1.8 µ m channel 1. This is due to the fact that long wavelengths are very sensitive to an unknown emittance. This is inherent in the Planck radiation law, hence accuracy in temperature measurements without knowing the normal spectral emittance can only be obtained by also determining radiance temperatures at shorter wavelengths. Details on the silver measurements can be found in Ref. [13] .
For the molybdenum measurements the temperature regions of the four different channels do not overlap and the mean true temperature is increasing with decreasing wavelength. This can be explained by the fact that the sample temperature was not uniform (hot-spots or ejecta) or there was a second light source present, such as nitrogen fluorescence or edge effects in the mechanical setup. If this second light source were at a lower temperature then it could be neglected. However a higher background temperature is consistent with the shorter wavelengths appearing hotter, inherent in Planck's law. It is therefore apparent a b that in shock physics experiments a wide range of wavelengths needs to be covered. Only if the temperature bounds of all channels overlap can a reliable statement about the true temperature be made. Once again, if the bands do not overlap and the mean temperature of the different channels increases with decreasing wavelength, it can be assumed that background light is present.
FUTURE DIRECTIONS
In many remote applications the existing pyrometer is not well suited for long-term liquid-nitrogen cooling and can be too bulky. Furthermore, the 1 mm core-diameter C2 chalcogenide fibers in current use have limited utility, both due to fragility as well as poor NIR light transmission. We are therefore developing a stirling-cooled high-speed 4-channel pyrometer instrument with miniaturized optics which will be fed by a new-generation fluoride fiber bundle. The stirling detector package is visualized in Figure 5 , with each 1 mm-diameter detector chip located behind each NIR-transmitting vacuum window, shown here with a 1-inch center-to-center separation. The separation of compressor and cold head shown here mitigates vibration. A new generation of mercury-cadium-telluride (MCT) high-speed detectors is planned, in place of the slower InSb chips. With comparable responsivity, these MCT chips can in addition be wavelength shifted, as seen in Figure 6 . The optical layout of the lenses and dichroic filters will be similar to that shown in Figure 1 , but more compact. The fluoride fiber bundles envisioned will have a reduced core diameter of 200 µm for robustness with an outer bundle diameter of up to 2 mm. 
CONCLUSIONS
A high-speed four-wavelength infrared pyrometer for low temperature shock physics experiments has been designed and successfully fielded in several experiments. Knowledge about the interpretation of data has been gained and leads to the conclusion that it is necessary to cover a broad spectrum of wavelengths in order to obtain a reliable statement about the true temperature in shock physics experiments. This is due to the fact that the normal spectral emittance cannot be measured in situ in most applications and is very likely to change drastically once the shockfront arrives at the surface where the measurement is performed. Also, the high likeliness of background light due to nitrogen fluorescence, HE-light, hot-spots or ejecta demands broad wavelength coverage for such experiments.
